Abstract: Numerous recent laboratory studies have shown that vegetation can influence soil water flow by inducing very low levels of water repellency. In this study we extended on this previous research by developing a field-based test using a miniature infiltrometer to assess low levels of water repellency from physically based measurements of liquid flow in soil. The field-based test was verified through a simple laboratory experiment and then applied to determine the impact of vegetation and antecedent soil water content. The soil hydraulic properties determined were hydraulic conductivity, sorptivity, as well as the persistence and index of water repellency. Tests were conducted following a dry spell and wet spell on (1) forest soil (0 cm depth), (2) glade soil (0 cm depth) and (3) glade soil (50 cm depth). It was found that both the persistence and index of water repellency, R, decreased in the order as follows: forest soil > glade soil (0 cm) > glade soil (50 cm) for both dry and wet spell. The range of values of R was 0.28 (wettable) to 360 (highly water repellent), which affected hydraulic conductivity kr(-2 cm). R increased and hence kr(-2 cm) decreased in the order: forest soil < glade soil (0 cm) < glade soil (50 cm) for both the dry and wet spell. There were clear interactions between vegetation and changes to water flow caused by presence of repellency.
Introduction
Summer droughts have become more frequent in Central Europe, with temperatures of 50
• C commonly reached on the surface of bare soil during a hot summer. The frequency and intensity of heavy rains following long dry and hot spells are increasing (Hardy 2003) , leading to surface runoff, soil erosion and worsening stream water quality (Pekárová & Pekár 1996) . These problems can be exacerbated by water repellency as less water is able to infiltrate into soil (Doerr et al. 2000) . Soil water repellency can vary from extreme levels with no water infiltration (Roper 2006 ) to a "subcritical level" where water infiltrates into the soil but at a smaller rate than for a completely non-repellent soil with identical pore structure (Tillman et al. 1989) .
Water repellency (WR) results from the drying of amphiphilic compounds produced by roots, decomposing organic matter and soil biota, particularly fungi. These compounds are strongly hydrophilic when wet, but below a critical moisture threshold, the hydrophilic ends of amphiphilic compounds bond strongly with each other and soil particles, leaving an exposed hydrophobic surface that induces water repellency (Czarnes et al. 2000; Doerr et al. 2000; Wallach et al. 2005; Hurrass & Schaumann 2006; Fidanza 2007) . Predicting the occurrence of repellency is difficult as it is spatially and temporally variable, particularly after prolonged wet periods when it can disappear and then subsequently re-emerge during drier periods when soil moisture falls below a critical threshold. Thus, Dekker & Ritsema (1994) considered it important to distinguish actual WR of a field moist soil from its potential WR (the maximum repellency measured when soils are dry).
Most work on WR has concentrated on severely repellent soils and uses the length of time for a water drop to penetrate soil to determine persistence (Doerr 1998) . However, this test is not sensitive to small levels of WR and does not provide physically meaning-538 Ľ. Lichner et al. ful data on water flow. Tillman et al. (1989) developed a more sensitive and physically meaningful field test, which uses a standard soil infiltrometer to determine WR. This method compares the soil hydraulic properties of water to a liquid not influenced by repellency. Based on tests on a range of soils, they concluded that "subcritical water repellency" was prevalent in many soils in New Zealand. A subsequent study by Hallett et al. (2001) used a similar approach in the laboratory and found that land management of soils in Europe had a major impact on the development of WR. Field based tests, similar to those conducted by Tillman et al. (1989) , are needed to determine the in situ occurrence of low levels of repellency in Europe and the impact of land management. The objective of this study was to assess the impact of vegetation and antecedent soil water content on water flow and repellency. Soil hydraulic properties were characterized by the hydraulic conductivity, sorptivity, as well as the persistence and index of water repellency. These were determined using a Decagon minidisk infiltrometer, which provides smaller-scale measurements and is less expensive than previous field infiltrometers used to assess water repellency. The physical background of the approach was assessed in the laboratory on homogeneous sand columns.
Material and methods
Field experiments were conducted at Mláky II near Sekule in southwest Slovakia at elevation of 150 m a.s.l. The average annual air temperature is 9
• C, and annual precipitation totals 500-600 mm. Measurements were taken at the surface in a 30-year old Scots pine (Pinus sylvestris) forest (Forest soil) and at a glade (Glade soil). In the glade, measurements were also taken at a depth of 50 cm to reduce the influence of vegetation on soil properties. The soil was a Regosol formed from windblown sand (WRB 1994) and had a sandy texture (Soil Survey Division Staff 1993). The thickness of the A horizon depended on vegetation cover, and it was about 1 cm at the forest site. The A horizon at the glade site was poorly developed, with the thickness of less than 1 cm below vegetation. Some areas in this site had exposed bare soil without an A horizon. Physical and chemical properties of soil samples are presented in Table 1 .
The soil surface was covered mostly by the moss species Polytrichum piliferum, then by lichens (Cladonia sp.), and in isolated cases by the grass species Corynephorus canescens (Marhold & Hindák 1998) . The soil microscopic fungi were Alternaria alternata, Aspergillus fisheri, Aspergillus glaucus, Aureobasidium pullulans, Chaetomium globosum, Humicola fuscoatra, Mortierella sp., Mycelia sterilia, Paecilomyces sp., Penicillium sp., Penicillium aspergiloides, koningii, and Trichoderma koningii.
The hot and dry spells, determined from the daily temperature maximums and daily precipitation measured in the meteorological station of the Slovak Hydrometeorological Institute in Moravský Svätý Ján at a distance of about 5 km from the studied locality, were from 13 July -13 Au- The gravimetric soil water content θ was determined after drying at 50
• C. Persistence of water repellency was estimated using the water drop penetration time (WDPT) test described by e.g. Dekker et al. (2000) . Zhang (1997) proposed to estimate the sorptivity S(h0) and unsaturated hydraulic conductivity k(h0) at pressure head h0 ≤ 0 from:
where I is cumulative infiltration, C1(h0) and C2(h0) are functions of pressure head h0. The unsaturated hydraulic conductivity k(h0) at pressure head h0 ≤ 0 can be calculated from:
where A1 is constant. We estimated the unsaturated hydraulic conductivity kr(−2 cm), reduced due to soil water repellency, from the cumulative infiltration (measured in the field at pressure head h0 = −2 cm) data I = f (t) according to Eqs 1 and 2, using A1 = 2.4 for sandy soil and pressure head h0 = −2 cm from Table 2 in the Minidisk infiltrometer user's manual (Decagon 2005) .
At early time (i.e. less than 180 s), the sorptivity S can be found as the slope of the plot (Clothier et al. 2000) :
We used the minidisk infiltrometer for an estimation of the index of water repellency in the field. Sorptivity of water Sw(h0) and sorptivity of 96.5% ethanol Se(h0) were estimated according to Eq. 3 from the slope of linear approximation of cumulative infiltration vs. squared root of time measurements for water and ethanol in the field at pressure head h0 = −2 cm. It should be noted that the commonly supplied acrylic tube of the mini disk infiltrometer can be filled with water only so this must be replaced with polycarbonate tube for operation with ethanol. The index of water repellency R was calculated from (Hallett et al. 2001) :
The accuracy of the infiltrometer was tested first in the laboratory using 200 mm × 200 mm cylindrical columns of wettable dry fine sand (mean particle diameter of 100 µm).
Outflow of liquid was so rapid in these tests that digital photographs were taken at 2-second intervals to obtain an accurate measurement of water remaining in the infiltrometer reservoir. After each test the shape of the wetting front from the infiltrometer was observed to ensure that it did not reach the edge of test cylinder or showed preferential flow. Statistical analysis was conducted using Genstat 9 (Payne & Lane 2006). A one-tail t-test evaluated whether the experimental values obtained when evaluating the index of water repellency differed from the theoretical value expected for a fully wettable sand. Analysis of variance (ANOVA) used the 'Site' as the treatment to test for differences between R, Sw, kr and θ.
It should be mentioned that grass and moss cover was removed before the measurements of k(h0), Sw(h0), Se(h0) and WDPT. This has the disadvantage that the soil surface immediately under vegetation is destroyed, and changes in infiltration can only be ascribed to a combination of removal of vegetation and disturbance of the soil surface (Eldridge 2003) .
Results and discussion
Laboratory tests with pure sand (Redhill 110, WBB Minerals, UK) found a water sorptivity S w of 7.68 ± 0.34 mm s −1/2 (mean ± standard deviation) and an ethanol sorptivity S e of 3.88 ± 0.09 mm s −1/2 for five replicates. This corresponds to a coefficient of variation of 4.38 % for S w and 2.21 % for S e . The index of water repellency determined using Eq. 4 was 0.99 ± 0.02, which was not significantly different than the theoretical value of 1 (P = 0.254, t-test) for a completely wettable soil (Tillman et al. 1989) . Therefore, the infiltrometer provides physically meaningful and reproducible results and the theoretical correction factor of 1.95 used in Eq. 4 to determine the index of repellency is appropriate.
On both sampling dates in the field tests there was a great variability of soil hydraulic properties (coefficient of variation > 15%), which is typical given the heterogeneity of soil (Kutilek & Nielsen 1994) and corresponds to other studies in this region (e.g. Šútor 1986) ( Table 2) . During the dry period, there was a significant difference in the index of water repellency R(P = 0.04), sorptivity of water S w (P < 0.001, ANOVA from herein), unsaturated hydraulic conductivity k r (P = 0.001) and soil water content θ(P < 0.001) between the different sites. After a wet spell, all of these properties remained significantly different apart from R (P = 0.25). The measurements taken in the Glade soil at a depth of 50 cm were much less influenced by biological factors than the surface soils. The former soil had the least variability in hydraulic properties, the greatest water sorptivity and hydraulic conductivity, and the smallest water repellency. The surface soil of the glade had a much greater repellency, and smaller water sorptivity and hydraulic conductivity. This would be expected as the surface was observed to be covered with moss and the activity of microorganisms capable of producing hydrophobic compounds is greater at the surface than deeper down (Hallett et al. 2001) . The addition of vegetation cover in the pine forest increased the repellency and decreased both water sorptivity and hydraulic conductivity further. Waxes eroded from pine needles have been shown in other studies to have a large influence on water repellency (Buczko et al. 2002) , and our study seems to confirm this finding.
The influence of the antecedent weather and soil water content in dry vs. wet spells is also listed in Table 2. Soil in the surface layer as well at the depth was significantly wetter following the wet period (P < 0.001), but the only soil property that changed significantly was R in the Forest soil (P < 0.10). There was no influence on soil properties of the very wettable Glade soil at 50 cm depth. At the surface of the Glade soil and the Forest soil, the average values of both the index and persistence of water repellency dropped after a wet period, but the persistence was still very long at the Forest soil as shown by the WDPT results.
The levels of water repellency found for the surface soil would influence the development of preferential flow pathways, which could limit the storage of water below ground. In the Pine forest, water repellency levels and persistence were so extreme that the establishment of seedlings could be problematic. Water repellency can be alleviated by cultural practices and application of a wetting agent (Fidanza et al. 2005; Mitra et al. 2006) , claying with kaolinite clays (Lichner et al. 2006) , liming (to enhance pH) and inoculation of wax-degrading bacteria Rhodococcus sp. and Roseomonas sp. (Roper 2006) , thus improving the conditions for successful revegetation.
It was found that a humic layer (A horizon) with a thickness of about 1 cm occurred at the forest site, and one with a thickness of a few milimetres occurred at the glade site just below the moss cover. This layer was extremely water repellent in the pine forest, even after a long-lasting wet spell, but it was slightly to strongly water repellent at the glade. Below this layer, a sub-layer of pure sand occurred, which was wettable all over the year. This finding is in accordance with those by Buczko et al. (2002) in the forest site Kahlenberg/Germany containing populations of Pinus sylvestris and Fagus sylvatica where the WDPT test revealed a significant proportion of severely and extremely hydrophobic soil in the upper 10 cm of the soil profile for all plots, whereas the persistence of repellency decreased with increasing soil depth. In other studies with similar direction, Gerke et al. (2001) observed a bipolar distribution of the WDPT values (either smaller than 5-10 s or larger than 10 min) in a lignitic mine soil afforested with Pinus nigra in Lusatia/Germany. Dekker et al. (2000) found higher persistence of repellency in the surface layer of dune sands covered with grass vegetation than that with vegetation consisting of pine. Water repellency clearly influenced the hydraulic properties of the soils examined. The study showed the usefulness of the minidisk infiltrometer for estimating the index of water repellency over a wide range of water repellent soils (in our case from R = 0.28 to 360), i.e. from wettable ( Fig. 1) to extremely repellent (Fig. 2) . The value of R < 1 indicates better wettability by water than ethanol in a perfectly wettable soil. This will be due to the interaction between the liquid properties (i.e. surface tension, contact angle and viscosity) and complex pore structure in real soil. Greater investigation of the wetting processes of water versus non-polar liquids used to measure water repellency or contact angles (e.g. hexane in capillary rise tests) is needed to understand the underlying processes. However, given the range of R values obtained in the current study, the field-based approach described provides beneficial data that quantifies both water flow and repellency. In conclusion we can state that surface vegetation and sample depth influenced the development of water repellency considerably. Following a dry period the level of repellency was exacerbated, indicating that increasing summer droughts could worsen the problem. All water flow measurements were highly variable, both spatially and temporally. Although the level of water repellency was much smaller following rainfall when the soil was wetter, the impacts on water transport were still considerable. The interaction between surface vegetation, microbial activity and coverage of soil particles by organic compounds needs further investigation to identify the origin of water repellency for these soils.
It was also shown that the Decagon minidisk infiltrometer is well suited for estimating the index of water repellency in the field for a wide range of water repellencies (in our case from R = 0.28 to 360). Better characterization of water repellency levels in field studies would allow for the impact of vegetation, land management and soil biota on water flow to be assessed. With current trends in climate change, the impact of water repellency will likely worsen, thereby reducing the capacity of soil to support plants and increasing erosion and water pollution through overland flow. Field results like those presented in this study are needed to assess the potential impact.
